Abstract: A statistical experimental design was employed to optimize factors that affect the production of hydrogen from the glucose contained in pineapple waste extract by anaerobic mixed cultures. Results from Plackett-Burman design indicated that substrate concentration, initial pH and FeSO 4 concentration had a statistically significant (p ≤ 0.05) influence on the hydrogen production potential (P s ) and the specific hydrogen production rate (SHPR). The path of steepest ascent was undertaken to approach the optimal region of these three significant factors which was then optimized using response surface methodology (RSM) with central composite design (CCD). The presence of a substrate concentration of 25.76 g-total sugar/L, initial pH of 5.56, and FeSO 4 concentration of 0.81 g/L gave a maximum predicted P s of 5489 mL H 2 /L, hydrogen yield of 1.83 mol H 2 /mol glucose, and SHPR of 77.31 mL H 2 /g-volatile suspended solid (VSS) h. A verification experiment indicated highly reproducible results with the observed P s and SHPR being only 1.13% and 1.14% different from the predicted values.
Introduction
Hydrogen is a promising alternative energy carrier and is also considered to be a clean energy. It only produces water when combusted with oxygen and has an energy content 2.75 times higher than hydrocarbon fuels [1, 2] . Hydrogen can be produced using biological, chemical, and physical processes. The biological hydrogen production process has gained more interest than chemical and physical processes because it is a sustainable process that consumes less energy. Biological hydrogen production can be divided into two types, i.e., a phototrophic process and a dark fermentation process. Dark fermentation has advantages over the phototrophic process in terms of its ability to continuously produce hydrogen from a variety of feedstocks without an external input of energy [3] .
Pineapple waste is basically composed of residual pulp, peel, and cores. Pineapple waste is not considered attractive as an animal feed because of its high fiber content, high soluble carbohydrate and low protein content [4] . However, the pineapple waste extract, i.e., the juice obtained after the pineapple waste has been squeezed by a presser, mainly contains sugars and organic acids that can be utilized as the substrates in the production of hydrogen and ethanol [5] [6] [7] [8] . Due to its composition, we attempted to use the pineapple waste extract in hydrogen production using anaerobic mixed cultures. In order to achieve maximum hydrogen production, there was a need to provide suitable fermentation conditions, especially the environmental factors such as temperature, pH, nutrient addition, buffer, substrate concentration and ferrous iron. The appropriate concentration of substrate could enhance bacterial growth and activity [9] . An excessive substrate concentration can cause a build-up of volatile fatty acid (VFAs) in the fermentation broth, leading to a low pH in the system. Moreover, pineapple waste extract contains a high amount of short chain organic acids, which in turn means that the extract would have a low pH and a high acid concentration. A high acidic content in the substrate can cause adverse effects on hydrogen production. Thus, the addition of a buffer to counteract a decrease in pH is needed. Endo-nutrient and iron are often used to enrich microorganisms capable of producing hydrogen. The important elements contained in the Endo-nutrient such as Cu 2+ , Co 2+ , Mg 2+ are essential for microorganism growth and activity. Iron is the important element for the activity of hydrogenase, which is an important enzyme for hydrogen production [10, 11] . Initial pH is a physical factor that also has a great influence on hydrogen production. In general, the appropriate range of initial pH for hydrogen production and cell growth is in the ranges of 4.0-7.0 [10, 11] . If the initial pH is outside the optimal range, and if enough buffer capacity is not present, the hydrogen production process will be inhibited [10, 11] .
Accordingly, the goal of this research was to optimize the environmental key factors that influence the biohydrogen production from pineapple waste extract by anaerobic mixed cultures. A Plackett-Burmann design was used to screen the significant variables. Response surface methodology (RSM) with central composite design (CCD) was used to optimize the levels of these variables. The results were expected to provide the optimal conditions for improving and enhancing the hydrogen production potential from pineapple waste extract.
Results and Discussion

Screening of the Significant Variables Affecting Hydrogen Production from Pineapple Waste Extract by Anaerobic Mixed Cultures
The key factors that affected hydrogen production from pineapple waste extract were screened using the Plackett-Burman design. Table 1 shows the significance and effects of each variable on hydrogen production potential (P s ) and specific hydrogen production rate (SHPR). The effect of each variable was calculated by the difference between the averages of measurements made at the high and low level of the factor.
The sign of the effect value (Ex i ) showed the influence of the variable on P s and SHPR. The negative sign of the effect showed that the influence of a variable on the response should be lower than that of the low level (−1), whereas the positive sign of the effect showed that the influence of the variable on response should be higher than that of the high level (+1). The results indicated that the influence of FeSO 4 concentration, initial pH, and NaHCO 3 concentration were greater at a low level while the influence of Endo-nutrient and substrate concentration were greater at a high level ( Table 1) . The significance of each variable was determined by the probability value. Results indicated that FeSO 4 concentration, initial pH, and substrate concentration had a significant effect on P s and SHPR (p ≤ 0.05). Therefore, these three variables were chosen for the next optimization step. 
The Path of Steepest Ascent
The path of steepest ascent was used in order to approach the proper direction of the changing variable. Results indicated that an increase in substrate concentration from 20 to 25 g-total sugar/L resulted in an increase in P s and SHPR by 22.74% and 22.71% (Table 2) , respectively. An increase in substrate concentration greater than 25 g-total sugar/L caused a decrease in P s and SHPR by 13.18% and 13.16%, respectively. Based on these results, the selected range of substrate concentration of 20-30 g-total sugar/L was used in the optimization step through RSM with CCD.
P s and SHPR were increased with a decrease in initial pH from 6.0 to 5.5. A further decrease in the initial pH to less than 5.5 resulted in a decrease in P s and SHPR ( Table 2 ). The highest P s and SHPR of 4680 mL H 2 /L and 65.87 mL H 2 /g-VSS h, respectively, were achieved at the initial pH of 5.5.
Therefore the selected range of initial pH used in the optimization experiment was chosen to be between 6.0 and 5.0 g/L.
The effect of FeSO 4 concentration on P s and SHPR was also investigated. The highest P s and SHPR of 4680 mL H 2 /L and 65.87 mL H 2 /g-VSS h were obtained at 0.8 g/L FeSO 4 . Based on this result, the FeSO 4 concentration that ranged between 1.0 to 0.6 g/L was used in the optimization experiment. The results from the path of steepest ascent indicated that the selected ranges of substrate concentration, initial pH and FeSO 4 concentration to be used in the optimization study were 20-30 g-total sugar/L, 6.0-5.0 g/L, and 1.0-0.6 g/L, respectively. 
where P s is the hydrogen production potential; and X 1 , X 2 and X 3 are the substrate concentration, initial pH, and FeSO 4 concentration, respectively. The model showed a high determination coefficient (R 2 = 0.99), explaining 99% of the variability in the response. A very low probability (p < 0.0001) obtained from the regression analysis of variance (ANOVA) demonstrated that the model was significant ( Table 4) .
The significance of the variables was determined by the probability values ( ) are highly significant (p ≤ 0.0001). A significant interaction effect on P s was found between substrate concentration and initial pH (X 1 X 2 ), substrate concentration and FeSO 4 concentration (X 1 X 3 ), and initial pH and FeSO 4 concentration (X 2 X 3 ) (p ≤ 0.05). Based on the regression analysis of the model [Equation (1)], the maximum P s of 5425 mL H 2 /L could be predicted at the substrate concentration of 25 g-total sugar/L, initial pH of 5.56 and FeSO 4 concentration of 0.78 g/L. The response surface plots based on Equation (1), with one variable kept constant at their optimum values and variations of the other two variables within the experimental range are depicted in Figure 1 . Results indicated that the optimum conditions for maximum P s fell well inside the design boundaries. The P s increased with increasing substrate concentration up to 25 g-total sugar/L. Further increase in substrate concentration greater than 25 g-total sugar/L resulted in lower P s (Figure 1a,b) . This might be due to substrate and product (VFAs) inhibitions. A high substrate concentration, not exceeding the substrate inhibition level, in the fermentation broth resulted in a high P s because substrate was used to produce hydrogen. An increase in the substrate concentration higher than optimum level might develop osmotic pressure inside the microbial cells, which can cause cell damage due to the permeation of water molecules out of the cells [12] ; hence a reduction of hydrogen production occurred. In addition, an increase in substrate concentration could have led to a partial pressure of hydrogen build-up in the fermentation system. When the partial pressure accumulates in the headspace of the serum bottle to a certain level, hydrogen production will be switched to solvent production, thus hydrogen production was inhibited [13] . Therefore, the substrate concentration should be optimized in order to prevent the shock loads of the system [14] . The P s increased when the initial pH increased from pH 5.00 to 5.56. However, a further increase in initial pH to levels greater than pH 5.56 resulted in a decrease in P s (Figure 1a,c) . The initial pH is an important factor in hydrogen production because it affects metabolic pathways, iron (Fe)-hydrogenase activity and the duration of the lag phase [13] [14] [15] [16] [17] [18] . When the initial pH was high, the metabolic pathway will have shifted from acidogenesis to solventogenesis [13] [14] [15] [16] [17] [18] . The low initial pH value of pH 4.0-4.5 was reported to cause a long lag period [13] . In contrast, a high initial pH value, for example pH 9.0 could decrease the lag time but it would result in a low level of hydrogen production [13] [14] [15] [16] [17] [18] [19] .
An increase in the FeSO 4 concentration from 0.60 to 0.78 g/L increased the P s (Figure 1a,c) . However, the results indicated that P s was decreased when the FeSO 4 concentration was greater than 0.78 g/L. Iron is needed in hydrogen production by anaerobic fermentation because it forms ferredoxin and hydrogenase, which is directly related to the hydrogen production process. Iron can affect the fermentative production of hydrogen by influencing the activity of hydrogenases [20] [21] [22] [23] . The optimum iron concentration could enhance fermentative hydrogen production by mixed cultures, while lower or higher iron concentrations than optimum range could reduce the activity of hydrogenases [20] [21] [22] [23] .
Optimization of Substrate Concentration, Initial pH, and FeSO 4 Concentration on SHPR Using RSM with CCD
Optimization of substrate concentration, initial pH, and FeSO 4 concentration on SHPR was conducted using RSM with CCD. The observed and predicted values of SHPR are presented in Table 3 . Multiple regression analysis was applied to the data in Table 3 
where SHPR is the specific hydrogen production rate and X 1 , X 2 and X 3 are the codes of substrate concentration, initial pH, and FeSO 4 concentration, respectively. The quadratic regression model indicated that the model was significant with a low probability (p < 0.0001). All variables, i.e., substrate concentration, initial pH, and FeSO 4 concentration showed probability values of less than 0.05, which indicated their significant individual effect on SHPR ( ) are highly significant (p ≤ 0.0001). A significant interactive effect on SHPR was found between substrate concentration and FeSO 4 concentration (X 1 X 3 ) ( Table 4 ). Based on the regression analysis of the model [Equation (2)], the maximum SHPR of 75.27 mL H 2 /g-VSS h could be predicted at the substrate concentration of 25.06 g-total sugar/L, initial pH of 5.50 and FeSO 4 concentration of 0.81 g/L.
The response surface plots based on Equation (2), with one variable kept constant at their optimum values and variations of the other two variables within the experimental range, are depicted in Figure 2 . SHPR increased when the substrate concentration increased from 20 to 25 g-total sugar/L and then SHPR slightly decreased with a further increase in substrate concentration (Figure 2a,b) . The substrate limitation and substrate inhibition effects might be responsible for our findings [19, 24, 25] . Within the appropriate range, an increase in substrate concentration could improve the ability of hydrogen producing bacteria to produce hydrogen during the fermentation process [19, 24, 25] . However, a high substrate concentration could result in a high concentration of the short chain organic acid contained in pineapple waste extract and a low pH of the fermentation broth, which might be toxic to the growth of hydrogen producing bacteria. SHPR increased with an increase in initial pH from 5.00 to 5.50 and decreased with an increase in initial pH greater than 5.50 (Figure 2a,c) . Thus, a high initial pH causes low SHPR due to the activity of hydrogenase enzyme being inhibited at a strong basidic condition [15, 17] . Our results showed that a suitable initial pH is important to maximize hydrogen production from pineapple waste extract. However, the appropriate range of initial pH for hydrogen production and microbial growth is varied according to the cultivation conditions, such as the inocula used, substrate concentration, and incubation temperature [18, 19] . 
SHPR ( mL H2/g-VSS h)
SHPR rapidly increased when the FeSO 4 concentration was increased up to 0.81 g/L, then the SHPR gradually decreased when the FeSO 4 concentration was higher than 0.81 g/L (Figure 2b,c) . Iron is an important factor affecting hydrogen production as previously described in the introduction. Thus in the optimal range, an increase in iron concentration not exceeding the optimum level could enhance the SHPR from pineapple waste extract.
Confirmation Experiment
The analysis of the P s and SHPR [Equations (1) and (2)] model suggested that in order to obtain the maximum P s and SHPR, substrate concentration, initial pH, and FeSO 4 concentration should be optimized at 25.76 g-total sugar/L, 5.56 and 0.81 g/L, respectively (Table 5 ). A P s and SHPR of 5489 mL H 2 /L and 77.31 mL H 2 /g-VSS h were predicted under the optimum conditions.
In order to confirm the validity of the statistics based experimental strategy, three replicates of each batch experiment were performed under the optimum conditions. The P s and SHPR results indicated that the observed P s and SHPR (5427 mL H 2 /L and 76.43 mL H 2 /g-VSS h) are in close agreement with the predicted values of P s and SHPR with only 1.13% and 1.14% differences. Results suggested that the model obtained from the CCD experiment is valid. The biogas produced at the optimum conditions contained hydrogen (28%) and carbon dioxide (72%). No methane gas was detected. The time course of production of P s and SHPR obtained at the optimum conditions is depicted in Figure 3a . As shown in Figure 3a , after 4 h of lag phase, the P s and SHPR increased greatly. During fermentation time, P s increased over time and remained constant at the maximum level of 5427 mL H 2 /L. SHPR increased and reached a maximum level of 76.43 mL H 2 /g-VSS h then decreased after 30 h (Figure 3a) . Figure 3b illustrates the formation of VFAs and alcohols accompanying the production of hydrogen obtained at the optimum conditions. After a lag phase, the concentrations of VFAs and alcohols sharply increased. The fermentation products were butyric acid, acetic acid, ethanol and propionic acid. The detection of butyric and acetic acids was a good indicator that efficient hydrogen production had been achieved [25] and that the fermentation type was butyrate-acetate type fermentation.
The confirmation results in the treatment with Endo-nutrient addition and control (Table 5) confirmed the results attained from the Placktett-Burman (Table 1 ) that the Endo-nutrient does not have an individual effect on hydrogen production from pineapple waste extract by anaerobic mixed cultures. The maximum hydrogen yield (HY) (1.82 mol H 2 /mol glucose) obtained in this study was favorable compared with other results reported in the literature search (Table 6 ). However, the P s and HY of Saraphirom and Reungsang [26] were 1.26 and 1.21 times than ours, respectively, while the HY of Pan et al. [27] was 1.27 times higher than our HY. This is not surprising since the types/sources of inoculums and substrates used to produce hydrogen in their studies were different to those in our study. In addition, the P s , HY, and SHPR obtained from optimum conditions were approximately 2.93, 1.75, and 2.93, respectively, times higher than control (i.e., 20 g/L pineapple waste extract without an addition of ferrous iron and Endo−nutrient) indicating a significant enhancement of P s , HY, and SHPR by adding ferrous iron. 
Experimental Section
Preparation of Feedstock
Pineapple waste (residual peel and core waste) was obtained from fruit shops at Khon Kaen University, Khon Kaen, Thailand. The pineapple waste was chopped into small pieces using knives before being crushed in a blender. The crushed pineapple waste was squeezed by a presser to extract the juice before being filtered through a thin cloth and then concentrated by heating. The sugar concentration of the pineapple extract was 351 g-total sugar/L. Total nitrogen and total phosphorus of the extract were 0.50 and 0.30 g/L, respectively. The initial pH of the extract was 4.10. The extract was kept in the freezer at −20 °C until used. It was thawed in a refrigerator at 4 °C and centrifuged at 6000 rpm for 10 min to separate the solids prior to being used to produce hydrogen.
Inoculums Preparation
Anaerobic seed sludge was obtained from a full-scale anaerobic digester of the upflow anaerobic sludge blanket (UASB) reactor of a brewery company, Khon Kaen, Thailand. The UASB is used to produce methane from the wastewater of the beer production process. The anaerobic seed sludge was pre-heated at 105 °C for 3 h in a drying oven (LDO-100E, Daihan Labtech Co., Ltd., Namyangju, Korea) in order to deactivate hydrogen consumers. The pH level and biomass concentration in terms of VSS of the sludge were 6.8 and 7.4 g-VSS/L, respectively. In order to prepare the inocula, pre-heated sludge was cultivated in 20 g-total sugar/L of pineapple waste extract and supplemented with 0.5 mL/L of Endo−nutrient solution [31] . The culture was incubated in a water bath shaker at 150 rpm for 36 h, before being used as the inocula in the batch experiment.
Optimization Procedure
Placket-Burman Design
A Placket-Burman design was used to screen the significant variables that influence the production of hydrogen from pineapple waste extract by anaerobic mixed cultures. The investigated experimental parameters were substrate concentration, initial pH, FeSO 4 concentration, Endo-nutrient addition, and NaHCO 3 concentration. The experimental design [32] was based on the first-order model:
where Y i are the responses i.e., P s and SHPR, β 0 is the model intercept; β i is the linear coefficient; and X i is the level of the independent variable. Each of variables was examined in two levels: −1 for low level and +1 for high level. The factors significant at the 95% level (p ≤ 0.05) were considered to have a significant effect on hydrogen production and were then used in the optimization step. The level of each factor and experimental design matrix used in the experimental design are shown in Tables 1 and 7 . The effect of each variable was determined by the following equation:
where, Ex i is the concentration effect of the tested variable, M i+ and M i− are P s and SHPR from runs where the variable (X i ) measured was present at high and low concentrations, respectively, and N is the number of runs (13) . In order to approach the area of the optimum level, the next experiment was carried out along the path of steepest ascent ( Table 2 ). The direction of the maximum increase in P s and SHPR was yielded by the gradient of the regressed polynomial. The factors significant at the 95% level (p ≤ 0.05) were considered to have a significant effect on the response and were thus used for further optimization by the steepest ascent. 
where x i is the coded value of the variable X i ; X i is the actual value of the independent variable; X 0 is the actual value of X i at the center point and X i is the step change value. A quadratic model [Equation (6) ] [33] was used to evaluate the optimization of the key factors:
where Y are the predicted responses (P s and SHPR); x i is the parameter; β 0 is a constant; β i is the linear coefficient; β ii is the squared coefficient and β ij is the interaction coefficient. The response variables are P s and SHPR. These responses were fitted using a predictive polynomial quadratic Equation (6) in order to correlate the response variable with the independent variables [33] . P s was calculated by dividing the amount of hydrogen production (mL H 2 ) by the working volume of the medium (L). SHPR was calculated by dividing the hydrogen production rate (mL H 2 /h) by the amount of biomass concentration in terms of VSS (g-VSS). HY (mol H 2 /mol hexose) was calculated by dividing the molar amount of hydrogen production (mol H 2 /L) by the substrate consumption (mol hexose/L). The statistical software Design-Expert (Demo version 7.0, Stat-Ease, Inc., Minneapolis, MN, USA) was used for design, modeling and plotting the graphical analysis of the experimental data. The conditions of each trial are shown in Table 3 .
Biohydrogen Production
The biohydrogen production experiment was conducted in 120 mL serum bottles with a working volume of 70 mL. The fermentation broth contained different levels and concentrations of parameters, according to the design (Tables 2, 3 , and 7). The serum bottles were capped with rubber stoppers and flushed with nitrogen gas in order to create anaerobic conditions. The bottles were incubated at 35 °C, and 150 rpm in a shaking water bath. At designated times the gas volume was measured by releasing the pressure in the bottles using a wetted glass syringe [34] . The effluent was collected by using a glass syringe and analyzed for VFAs and alcohol by gas chromatography (GC) equipped with a flame ionization detector (FID). The hydrogen production was continued until the biogas volume could not be measured.
Analytical Methods
The biogas compositions were measured by GC (GC-2014, Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector (TCD) and a 2 m stainless column packed with Unibeads C (60/80 mesh). The operational temperatures of the injection port, column oven and detector were set according to Saraphirom and Reungsang [26] . For the VFAs and alcohol analysis, the effluents were first centrifuged at 6000 rpm for 10 min, then acidified by 0.2 mol/L oxalic acid, and finally filtered through a 0.45 m nylon membrane. The same GC model with a FID and a 30 m × 0.25 mm × 0.25 m capillary column (Stabilwax) was used to analyze the VFAs and alcohol concentrations. Operation conditions were set according to Saraphirom and Reungsang [26] . Total sugar was measured by phenol sulfuric method [35] using glucose as a standard. Total concentrations of nitrogen, phosphorus and VSS were measured according to the standard methods [36] . The hydrogen volume in the biogas was calculated by the mass balance equation [37] . Cumulative hydrogen production was calculated by the modified Gompertz equation [38] .
Conclusions
The substrate concentration, initial pH and FeSO 4 concentration were screened by a Plackett-Burman design as the key factors affecting the production of hydrogen from pineapple waste extract by anaerobic mixed cultures. These variables were optimized by the CCD in order to maximize the P s and SHPR. The optimum conditions attained were 25.76 g-total sugar/L, initial pH of 5.56 and FeSO 4 concentration of 0.81 g/L. Under the optimum conditions, the estimated P s and SHPR were 5489 mL H 2 /L and 77.31 mL H 2 /g-VSS h, respectively, which were close to the actual value of 5427 mL H 2 /L and 76.43 mL H 2 /g-VSS h obtained from the confirmation experiment. The maximum P s , HY, and SHPR obtained under the optimum conditions were 2.93, 1.75, and 2.93 times higher, respectively, than control. This suggests a significant enhancement of P s , HY, and SHPR by adding ferrous iron. However, it is important to note that the predicted data are suitable for batch fermentation of hydrogen only and does not necessarily mean that it can always apply to the continuous mode. The addition of Endo-nutrient does not enhance biohydrogen production from pineapple waste extract. The end products were predominantly butyrate and acetate, which generated a butyrate-acetate-type fermentation.
